This paper presents a broad survey of the rationale for electron probe X-ray microanalysis (EPXMA) and the various methods for obtaining qualitative and quantitatve information on the distribution and amount of elements, particularly calcium, in cryopreserved cells and tissues. Essential in an introductory consideration of microanalysis in biological cryosections is the physical basis for the instrumentation, fundamentals of X-ray spectrometry, and various analytical modes such as static probing and X-ray imaging. Some common artifacts are beam damage and contamination. Inherent pitfalls of energy dispersive X-ray systems include Si escape peaks, doublets, background, and detector calibration shifts. Quantitative calcium analysis of thin cryosections is carried out in real time using a multiple least squares fitting program on filtered Xray spectra and normalizing the calcium peak to a portion of the continuum. Recent work includes the development of an X-ray imaging system where quantitative data can be retrieved off-line. The minimum detectable concentration of calcium in biological cryosections is approximately 300
Introduction
Calcium has multiple effects on cell metabolism, membrane transport, and permeability and, thus, on overall cell physiology or pathophysiology. Electron probe X-ray microanalysis (EPXMA) has become established as a reliable technique where quantitative in situ determination of calcium content can be performed unambiguously. The determination is done on a cell-to-cell basis at the ultrastructural level by using thin, cryoprepared cells and tissues. The method is based on the physical interactions of electrons with matter at the atomic core shell level leading to the production of X-rays with energies that are characteristic of the elements comprising the specimen. These X-ray energies emanating from atoms provide highly specific information about the atoms but do not distinguish between species or between bound and free forms of the element, measuring, for example, total calcium rather than free Ca2". Somlyo has reviewed some of the limitations and applications of EPXMA for measurement of calcium (1) . The complementary technique of electron energy loss spectroscopy (EELS) has been used less often, primarily because analyses must be performed on extremely thin (< 60 nm) uniform sections of tissue. However, Shuman and Somlyo have successfully applied EELS to quantitate very low levels of Ca in some cell systems (2) . For comprehensive detail on electron probe microanalysis methodology, the reader should refer to numerous texts and textbooks (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In this introduction we summarize the principles and practical techniques involved, and provide some recent data on quantitation and imaging. Nucleus FIGURE 1 . Schematic illustrating the producton of X-rays by inner atomic shell ionization (characteristic radiation) and nuclear scattering (continuum radiation).
Physical Principles of X-Ray Spectrometry
When inelastic scattering takes place through the interaction of electrons with the atomic nucleus ( Fig.  1 ), the electrons lose energy when crossing through the Coulomb field of the nucleus, and in doing so, they lose energy over a wide spectrum of the energy range. The X-rays generated are the so-called white radiation or bremsstrahlung radiation (breaking radiation), which forms the continuous background over which all other (characteristic) X-ray signals are superimposed (Fig. 2) . The presence of this continuum radiation can be used as a direct measure of the massthickness of the sample (see sections on quantitation).
When, however, the electrons interact with the inner orbital electrons in the K, L, or M shells, some of these electrons are ejected, leaving a hole in that particular shell. According to quantum theory, this hole must be filled by an electron from a shell of higher energy. This transition results in the emission of X-ray radiation with a characteristic energy that is equivalent to the binding energy of the shells. For example, the element calcium will have at least two detectable peaks-a Ka and a Kp involving transitions from the L and M shells, respectively. Higher atomic number elements have many more shells and subshells and give rise to a plethora of emissions that can lead to severe peak overlap problems (3) . The mechanism of X-ray detection is discussed in some detail since techniques for their measurement have become the most widely established in microchemical microscopy. However, it is important to note that there are many other physical processes at work that provide analytical information (such as Auger electrons and cathodoluminescence). The electrons, which have lost their energy because of the ionization process responsible for these events, can also be detected and measured; EELS has been hailed as an extremely powerful technique for identifying different elements in biological thin sections (2, (15) (16) (17) (18) (19) (20) . While it is true that EELS is a nonfluorescent and efficient process (unlike X-ray spectrometry), it has been used only occasionally for conventional tissue examinations and is still fraught with technical difficulties. Thin sections for EELS must routinely be cut at . 60 nm, and only low atomic number elements (Z < 30) can be detected with optimum sensitivity. However, EELS is a powerful research tool that can provide detailed information on the interaction of electrons with the sample and subsequent image formation of isolated biological macromolecules, frozen suspensions of proteins, and frozen thin sections of tissues. An additional biological application is the use of zero loss EELS to measure the total mass in frozen, hydrated sections of tissues (21) , thus enabling a direct calculation of wet weight concentrations of calcium and other elements in subcellular compartments.
Both the wavelength and energy of X-rays can provide highly specific information about the atoms where the X-rays emanante, but usually they cannot distinguish between species (e.g., Fe2O3 or Fe3O4). A wavelength spectrometer analyzes the wavelength of the X-rays using classical crystallography (based on Bragg's law). With energy dispersive X-ray (EDX) microanalysis, the energy of the X-rays is detected and measured.
The major advantage of wavelength dispersive Xray (WDX) microanalysis is that usually one obtains a better peak-to-background ratio, thus the sensitivity can be greater. However, in order to achieve this better peak-to-background ratio, large beam currents or very long counting times are necessary. Often these beam currents are so great that they severly damage a biological sample. Furthermore, with WDX it is necessary to scan specifically for a single element at one time. With EDX, one simultaneously obtains characteristic peaks from all elements in the sample generally with those having an atomic number of 9 (fluorine) or greater. (WDX can be used for atomic number elements somewhat lower, e.g., down to lithium.) Thus, with EDX one can quickly scan a sample in order to see what other elements may be present.
On reflection, this unique feature of EDX microanalysis is unusual in analytical chemistry. Ordinarily, it is necessary to look for a specific element with a specific window, for example, as used in atomic spectroscopy. With EDX, even if the investigator has no inkling that a given element might be present, the spectrometer will reveal its presence as a characteristic peak. In general, an EDX spectrometer is more useful for biologists than a wavelength spectrometer and would be recommended as the first choice. Certainly in biomedical applications an energy dispersive spectrometer is clearly the most useful instrument. Nevertheless, the reader should be aware of the work by Fiori et al. (22) and Lechene et al. (23) (24) (25) using WDX. The former were able to demonstrate localization of aluminum to neurons in the hippocampus in some samples. It is unlikely that they could have generated these maps with energy dispersive techniques, since the peak-to-background ratios were unfavorable for aluminum. WDX has become most useful in the systematic examination of small (< 1 gL) droplets of urine (24) for example, and single cells from culture (25) . Thus, there clearly are applications of WDX in biology that are extremely important, but are not within the scope of this article.
X-ray photons behave in much the same way as other types of electromagnetic radiation; that is, they have wavelength and energy that are inversely related. As noted above, one can analyze either property in order to determine which elements have given rise to them. Figure 3 summarizes the physical effects of the scattering processes within a material. The scattering process, by definition of the term, will result in an activated volume within the sample that is considerably greater than the dimension of the beam that is impinging on it. Although the shape of the volume shell will vary according to the atomic number of the material and the accelerating voltage of the electrons (the lower the voltage, the less pear-shaped and more spherical it is), it can be seen that for optimum spatial resolution, one would like to use thin sections and higher voltages. It is important, therefore, for the biologist to realize that EDX microanalytical resolution can be improved by microtomy. By removing the bulk portion of a sample and only studying a thin slice, many of the problems of poor resolution illustrated in Figure 3 are solved. Nevertheless, the act of ultramicrotomy can itself produce artifacts. However, EDX microanalysis on bulk material has been used successfully for several important problems in biology.
Incident Electrons
For example, many lung particulates fall into the 1 to 10 gm range and are easily detectable in a relatively inexpensive, conventional scanning electron microscope that is equipped with an EDX spectrometer. Marshall (26) has successfully studied the composition of fluids in gland lumens using bulk EDX techniques. It would be difficult and probably impossible to obtain data on a large fluid space such as a gland lumen using thin sections. The instrumental configuration that may be used is shown schematically in Figure 4 where the specimen may be either a thin section as shown, a deparaffinized section such as that used for light microscopy, whole tissue or individual cells. visualized at the same time. In the case of a scanning system where the size, shape and orientation of the image raster may vary, the size and shape of the electron beam may be altered by varying the astigmatism to provide coverage of just the area of sample that is being probed (27) . Figure 5 also shows what has come to be known as an analytical electron microscope.
Instrumentation for High Resolution
A typical EDX system is composed of a single crystal of silicon between 10 and 30 square mm in area that has been doped with a small quantity of lithium. When a charged particle impinges on the crystal, an electron-hole pair is formed (Fig. 6 ). The magnitude of this pulse of charge generated is proportional to the energy of the particle (in this case an X-ray photon) and is collected by an application of high voltage through thin gold electrodes across the crystal. The charge pulse is then converted to a voltage with a charge sensitive preamplifier known as a field effect transistor (FET). The pulses are suitably amplified, processed, and stored in an appropriate number of voltage bins in a multichannel analyzer or computer memory. These voltages can then be displayed on a cathode ray tube or X-Y recorder as peaks corresponding to the energy of the original X-ray photons. The detector and pre-amplifier (FET) are generally kept in a light-tight enclosure to prevent non-X-ray photons from exciting the Si(Li) crystal and also at liquid nitrogen temperatures, in order to reduce electronic noise and prevent charge recombination in the Si(Li) crystal. The dewar-encased system, containing about 7 L of liquid nitrogen, is attached to the electron column (as shown in Figs. 4 and 5) with the detector placed as close to the sample as possible. This system is usually separated from the microscope vacuum by a very thin (about 8 ,um) beryllium window. In addition to protecting the Si(Li) crystal, this window excludes both low energy X-rays and most backscattered electrons, Lithium-drifted silicon crystal (active region) FIGURE 6 . Schematic diagram of a Si(Li) detector used for EDX.
as charged particles could also elicit a response from the detector. At higher accelerating voltages, these backscattered electrons appear as a continuous background superimposed on the bremsstrahlung continuum, and they have to be subtracted out in any quantitative measurements that are made. (They can be eliminated in some cases by placing a magnetic electron trap in front of the detector.) The cut-off of low energy X-rays usually means that most detectors can only reliably detect X-rays with the energy of about 1 keV (i.e., sodium) and above, and the sensitivity to elements such as sodium and magnesium is reduced. (Occasionally, fluorine has been detected with this kind of detector.) So-called windowless or ultrathin window detectors have been used in microprobe analysis to detect the presence of carbon, oxygen, and nitrogen. At present, they are of limited applicability in routine situations because one is not primarily interested in the quantitation of carbon, oxygen, and nitrogen.
In addition to the lower fluorescense efficiency of X-rays from low Z elements, the presence of a beryllium window absorbing the low energy X-rays results in a much reduced sensitivity to elements such as sodium and magnesium. A typical X-ray spectrum from a section of necrotic tissue is shown in Figure 7 . Although the actual sodium to potassium ratio in this tissue is about 10 to 1, the apparent peak-to-backgrounds of the two peaks are approximately the same. Conversely, at high X-ray energies (>15-20 Kv) the quantum efficiency of the Si(Li) detector will fall off because some of the X-ray photons will pass through the crystal without producing electron hole pairs.
Analytical Modes
In EPXMA one can take advantage of electronic imaging in a sequential or digital fashion and also the ability to manipulate the contrast the signal of interest to the optimal extent, either with analog electronics or with a computer. However, there are four basic modes of instrument operation with EDX: fixed spot, raster, line scan, and X-ray imaging.
In the spot mode the beam is kept in a fixed position and a fixed size that is determined by the lens settings of the microscope. Either the specimen is moved manually or by computer control, or the beam itself is similarly moved in order to obtain a signal from a specific region of the specimen. A spot mode also has the advantage that all the electrons are concentrated into a small area; the disadvantage is that the specimen may drift during analysis, although there are now computer programs to correct for this.
The raster mode can be used either to get a general overview of the elemental constituents of a specimen. By using high magnification and a small raster one can probe regions of interest at known magnifications, while simultaneously viewing them. (This process can be of use if one suspects there might be some slight sample drift.)
The line scan mode is essentially the formation of a one-dimensional image, i.e., the spot is scanned in a single line across the sample containing regions of interest. By feeding the X-ray signal from any element into the scanning electron microscope amplifier, a line profile specific to the element of interest is obtained on the scanning electron microscope screen. Thus, one can confirm spatially the presence of a particular element in graphical form. (This modulated line can also be rastered to form a two-dimensional X-ray image.)
The logical extension of this is to take that same Xray signal and feed it into the scanning electron microscope (SEM) amplifier instead of modulating a line in the Y direction, modulate the spot on the cathode ray tube of the SEM. A so-called, "dot map," is formed, corresponding precisely to the spatial distribution of the element of interest from the X-ray spectrum. In the case of sections, a variation in thickness could cause possible X-ray image artifacts. In any of these analyses it is mandatory to select a region from the X-ray spectrum that is devoid of characteristic peaks and in the bremsstrahlung region, and then form an image with this region to verify the positivity of the suspected characteristic X-ray. Of course, it is also possible to make maps of several elements present at the same time; this is of value particularly if one is able to make multicolored images and build up a montage of elemental distributions within the sample.
Dot maps were an early form of X-ray imaging, for which it was difficult to extract quantitative elemental data without measuring the coordinates and energy of each dot. The maps are more or less qualitative where one dot corresponds to the detection of one specific X-ray photon by the detector.
A much more satisfactory technique, which can be quantitative (see section "Quantitative X-ray Imaging") as well as qualitative, is to form the elementspecific X-ray image picture-element by picture-element (pixel by pixel), where the electron beam is stationary for finite periods of time and where it can be controlled digitally at all times during the scan (28) .
Most X-ray spectrometers can function, in part, as the digital imaging portion of a microscope. This enables images (of any type) to be processed much more effectively with a computer, which is an integral part of every commercial X-ray system today.
Qualitative Elemental Identification
While the presence of most element peaks is unequivocal, given a reasonable peak to background ratio (> 1-2), it is clear that from the number of possible transitions from one orbital shell to another, severe peak overlaps can occur. These must be appreciated so that erroneous conclusions will not be drawn from the data. The appropriate choice of grid materials (e.g., copper or nickel) should be made such that overlaps from sodium or tungsten, for example, do not interfere with the spectral data. A particularly serious overlap involves the potassium Kp and the calcium K,, peak at 3.59 and 3.69 keV, respectively. Sophisticated computer programs are essential for deconvolution of the peaks, especially for detecting small amounts of calcium in the presence of high potassium. Accurate calibration and electronic stabilization of the spectrometer and detector are essential in order to obtain reliable quantitative data (see section "Quantitation: Calcium and Other Elements").
Consideration must be given to the artifactual or background peaks due to stray radiation from metals in the instrument such as iron, chromium, nickel, etc., which are common problems in many analytical electron microscopes. In addition, lines for silicon and sulfur may arise from contaminating vacuum pump oil (possibly on the cold surface of the detector windows), o-rings, and instrument parts. Because of charge buildup effects in the detector, it is often possible to detect a spurious peak at the excitation energy of silicon (the detector material), or at the peak energy minus 1.72 keV, the so-called, "escape peak". For example, in the case of a large calcium oxalate inclusion in a kidney nephron section, a spurious peak can be found at approximately 1.90 keV that overlaps almost totally with phosphorus, thereby leading to a possible erroneous conclusion. In fact, it is not calcium phosphate that has formed, but calcium oxalate. Conversely, in the presence of very strong peaks, arithmetic doublets can be formed. For example, in the case of silicon contamination (as mentioned above), the doublet of silicon is 1.72 x 2 or 3.44 keV, which occurs exactly in the potassium/calcium region, again leading to a possible erroneous identification.
The peak width or energy resolution is the direct result mostly of the statistical distribution in the generation of charge carriers by the X-rays impinging on the Si(Li) crystal. Also, it is partly the result of electronic noise in the amplifiers. The peak width is somewhat energy dependent (worse for higher atomic number elements) and is usually rated on a detector, as about 150 eV at 5.9 keV, the manganese Ka peak.
Most modern-day spectrometers have a built-in computer program for checking these parameters.
[The inherent width of an X-ray peak is about 2 eV at 5.9 keV. Wavelength dispersive spectrometers have much better peak resolutions (approximately 10 eV) than EDX spectrometers, and thus they have better peak/background ratios and few peak overlaps.]
Spurious peaks and their spectral artifacts can sometimes arise from improperly grounded circuitry and vibrations (microphonics) in the detector or liquid nitrogen dewar (moisture accumulation in the form of small ice particles). Care must be exercised on installation to eliminate such problems. 
Quantitation: Optimal Instrument Operation
In many physiological or pathophysiological instances, one is dealing inherently with very small concentrations of calcium and other elements (in the millimolar range); therefore, the optimization of the microscope and detector parameters is vital. Since all microscopes are not built equally, knowledge of these parameters can be quite important. For example, the solid angle (Fig. 7) , subtended by the detector surface to the specimen, is of crucial importance in determining sensitivity. In a typical TEM, however, the solid angle is at best only about 0.14 steradians for a sideentry X-ray detector, and it is about an order of magnitude less for the normal top-entry detector. Therefore, in the case of the examination of thin biological specimens in a TEM, it is usually better to choose the side-entry configuration.
Quantitation is affected by the choice of accelerating voltage. Since atomic cross-sections vary from element to element, the efficiency of X-ray generation is not the same for all elements at any one accelerating voltage. For any one element, the ionization crosssection (which is directly related to the intensity of Xrays generated) is highly dependent on the ratio of accelerating voltage to the absorption edge energy (sometimes called the "overvoltage"). The optimum efficiency of excitation of any one shell element is approximately three times the overvoltage (14) . However, balanced against this is the bremsstrahlung equation, which states that the higher the voltage, the less the specimen bremsstrahlung because the cross section of the material is far less (29) . Consequently, the peak-to-background ratio (P/B), which turns out to be the crucial parameter for determining concentrations, generally tends to increase with increasing voltage, but not in a linear fashion (30) . This will apply mainly to thin sections.
One also must optimize the tilt of the specimen towards the detector to optimize the take-off angle, with the knowledge that the geometry of the region to be examined will be affected (Fig. 8) . As mentioned y = -0.1285 + 1.0042x R = 1.00
Quantitation: Calcium and Other Elements
In high resolution studies the most commonly used quantitative algorithm is continuum normalization, a technique developed by Hall and colleagues (35) (36) (37) (38) (39) (40) (41) (42) that is based on the premise that continuum X-ray intensity gives a measure of local total mass of the analyzed volume. Since the intensity of a peak characteristic of the excited atoms' energy is proportional to the mass, the concentration is simply the ratio of the elemental peak intensity to the continuum intensity.
The continuum method has been refined by Somlyo, (Fig. 9) . Other methods such as those using EPXMA against atomic absorption (AA).
standards sectioned together with the tissue (45) are less reliable due to local inhomogeneities in section thickness.
In the special case of the physiologically important re has to be exercised in identifying extra-element calcium, EPXMA has been extended to its rces of X-rays from instrument parameters practical limit of sensitivity by Bond et al. (46, 47) .
ole pieces, grid bars, and even X-rays fluo-They were able to detect 300 gmole Ca/kg dry weight )m adJacentregionsofspecimens.An under-in the cytoplasm of cryosectioned smooth muscle of these paramenters is necessary before cells. Measurement of Ca in most biological systems is g on any form of quantitation (31, 32) . In the difficult because a) in an X-ray energy spectrum, the de, particularly, specimenS need to be K Kp peak overlaps the Ca Ka peak, and b) relatively Ito near the erid obar, grit sua r. mk sctr. miniscule amounts of Ca occur in conjunction with ,too near the grid bar, it can mask spectra. large amounts of K. Because of this overlap, signifihas to guard against characteristic radiation cant errors can occur unless both the peak centroid above-mentioned components as well as position and peak resolution are maintained between ahlung.
reference standards and sample. Shuman et al. have )X electronics must be set optimally for the shown that a 4 eV shift in peak calibration can yield a t rates that are generated from biological 30% error in measuring the Ca content. Kitazawa, s . All EDX electronics essentially count and Somlyo, and Shuman (43) incorporated the first and es. Electronics can only handle pulses at a second derivatives of the K X-ray peaks in a multiple ate that is rather low (< 3000 counts/sec). least squares fitting routine to correct for changes in most commercially available EDX systems calibration. With this method they measured 1 ± 0.2 are sold for a wide variety of uses-one which may include acceptance of very high count rates. Therefore, the systems possess built-in pulse shaping electronic and storage devices so that if the count rate is too high, the X-ray pulses are stored for a certain period before the electronics can continue counting (so-called "dead time"). Dead time can also seriously affect the sensitivity of the system. However, since most biological specimens can be probed consistent with a beam current high enough (-10' amps) to yield reasonable count rates (a few hundred/sec) from an acceptable probe diameter (10 to 100 nm), the electronics can easily be set to count optimally with a dead time of ' 30% to provide quantitative accuracy. A well cryo-trapped, clean, baked-out microscope is necessary for consistent quantitative EPXMA. Generally, the use of a clean, cold stage is preferred in order to minimize radiation effects on the sample (27, (32) (33) (34) . Although the sodium and potassium peaks are about the same size, the Na/K ratio is about 7:1 as a result of the effects shown in Figure 2 . Environmental Ca contamination in any form also must be eliminated during specimen preparation. Also the extension to a sensitivity of 0.3 mmole (300 gmole) Ca/kg dry weight requires long collection times and a large number of spectra (300-500 sec/spectrum, 30 hr total counting time).
Since the X-ray counting process is highly inefficient (-1%) and follows Poisson statistics and, thus, the square law, doubling sensitivity requires one to quadruple counting time (or increase beam current). Quantitation of Ca is significantly easier and less time consuming at higher Ca content levels (approximately 100 mmole/kg dry weight) or lower K levels (< 100 mmole/kg dry weight). These criteria are met, for example, in the terminal cisternae of skeletal muscle under control conditions and in cell cytoplasm or mitochondria after experimental treatment with Na-K-ATPase inhibitors. Experimental determinations of minimum detectable concentration for most other elements of physiological interest are in the range of approximately 1 mmole/kg dry weight.
Quantitative X-Ray Imaging
Images, in general, can be formed by two fundamental processes. All the pixels are either created simultaneously (as in a conventional light or electron microscope), or they are formed sequentially (as in a scanning confocal light microscope, scanning electron microscope, or television set). Since X-ray generation is a statistical process and X-rays cannot be focused by lenses, the latter method is used for quantitative X-ray imaging. The electron beam dwells for a finite period of time at each pixel where a complete X-ray spectrum is collected and processed by a computer (28, (48) (49) (50) (51) (52) (53) (54) (55) (56) (Fig. 10) . By arranging the pixels in a matrix and building up the image line by line, reproducible and fully quantitative images of all the elements of interest can be obtained (Fig. 11) (50) . However, with a dwell time of 1 sec per pixel and allowances for processing, a 64 x 64 pixel image takes about 2 hr to acquire.
To obtain better counting statistics, especially for the low levels of calcium often encountered in physiologically normal cells, it is necessary to dwell for several seconds per pixel. To obtain better spatial resolution, the matrix resolution must be increased to 128 x 128 or even 256 x 256. Thus, acquisition times can be long (up to several days), but all the elemental information, including the continuum, standard deviations, and chi-squares (goodness of spectral fitting) can be gathered and stored for later display and image processing.
The result is that this method is far more efficient than collection of data at each point from an electron microscope image. If the final X-ray image does not show good enough statistics in any area, it can always be subsequently probed in a static mode for a longer time (28) . A second advantage of quantitative X-ray imaging is that a perception of the distribution of calcium and every other element is obtained. This can be invaluable in assessing the overall condition of the sample (see section "Applications in Cell Physiology"). Third, as will also be seen below, the best cryopreserved specimens often show little or no discernable morphology. It is only after elemental imaging that one can appreciate the ultrastructure, i.e., true microchemical microscopy! Finally, because of the long acquisition times involved in collecting an image, there will inevitably be some sample (image) drift. This can either be corrected post facto (53, 57) or on line during acquisition (58, 59) .
From the point of view of spatial resolution, the limitation will be a function primarily of the electron probe size, as well as the atomic cross-section of the material itself. Multiple scattering into the pearshaped distribution of X-rays can be reduced by cutting thinner sections of tissue (about 50 nm is the practical limit). However, increasing the probe current to obtain statistically better images also increases the probe diameter, thus worsening the resolution. Generally, with beam currents in the 10' amp range, good resolution is obtained for calcium at about 10 to 20 nm. Any improvement on this probably requires the use of a field emission (cold cathode) electron source, as has been demonstrated by Somlyo and colleagues (48); they were able to obtain resolutions of approximately 8.9 nm from thin catalase crystals.
If sample preparation difficulties can be overcome, elemental EELS holds the potential for better spatial resolution than EPXMA. This is because EELS is not a fluorescent process and, in principle, uses almost all the electrons involved in formation of a normal electron image. Shuman (2), Leapman (18) and colleagues have shown that it is possible to quantitate and image levels of Ca down to about 200 gmole/kg dry weight.
Electron Energy Loss Spectroscopy
As noted in the second section, electrons that have lost energy by virtue of their interaction with the atomic core shells can have their energies measured in order to identify and quantify the prevalence of the elements that have given rise to the losses. This can be done by either using a magnetic sector spectrometer (2) or a prism filter (17) judiciously placed so as to collect and/or image the electrons traversing the specimen (Fig. 5) . Without discussing the merits of either method, most of the quantitative data to date has been obtained from some form of photoelectric camera/counter placed directly behind a slit where the spectrum can be scanned (serial collection) in a magnetic sector instrument.
Parallel detectors using diode arrays are now available which greatly increase the efficiency of collection. As in EDX instruments, data can be processed in a multichannel analyzer. However, special processing techniques are required since the main analytical problem involves extracting reasonably good signal-tonoise ratios from very small peak-to-backgrounds that get progressively worse with increased specimen thickness (-60 nm in the case of biological tissue) due to multiple electron scattering. Moreover, the continuously sloping background makes deconvolution especially troublesome for some elements, such as phosphorus, in the presence of high amounts of organic material.
On the other hand, EELS is very sensitive to elements of low atomic number such as carbon, oxygen, and nitrogen, for which EPXMA is not usually satisfactory. However, since EELS can readily detect much lower energy events than EDX, it has been successfully used to measure elements, such as calcium, through transitions from the outer core electrons, i.e., the Lshell. The most important advantage of EELS lies in the potentially high spatial elemental resolution that can be obtained in a suitably configured instrument. Usually this requires using a field emission gun. Also it either requires digital scanning, where the EELS data at each pixel are processed quantitatively in a similar fashion to EDX digital imaging; or the placement of a magnetic prism in a conventional TEM, such that an energy filtered image is formed on film or a photoelectric device. In both instances, accurate subtraction of the background is crucial to avoid artifacts. Because of the processing difficulties alluded to above, this still remains a controversial area of research.
Energy loss spectra also contain a component of electrons that are either unscattered when no energy loss. In our laboratory (21) as well as others (18), significant potential has been realized for the use of zero-loss electrons in their proportionality to the mass thickness of the material. Ideally, localized microchemical information is required on the hydrated state of cells. This is especially important when comparisons are being made with physiological measurements from living cells and tissues. Quantitative mass thickness data/images can be obtained. These areas can be X-ray analyzed after freeze-drying. (The presence of ice usually undergoes radiolysis under the electron beam and absorbs too much of the X-ray signal to permit measurement of the low levels of physiologically important elements.) However, several other methods of measuring hydrated mass exist including acquiring other aspects of the normal transmitted image (60) as well as the backscattered electron signal (61).
Applications in Cell Physiology
Calcium has multiple effects on cell metabolism, membrane transport, and permeability and, thus, on overall cell physiology or pathophysiology. As Somlyo has succinctly stated, "Because cells can be frozen for pixels) from quick-frozen, freeze-dried cryosection of human nasal X-ray microanalysis in various physiological states, it is possible to follow not only the movements of calcium within cells, but also the fluxes of counterions and/or co-ions that accompany redistribution" (64) . While many examples of this powerful methodology are given in the literature (62,63), we present an overview of some initial results obtained in our laboratory on two experimental cell systems: cultured embryonic chick heart cells and a suspension of kidney proximal tubules, and one clinically related study using nasal epithelium from cystic fibrosis patients.
Fundamentals of Cell Preservation
Cells must be maintained (1, 7, 55) Cultured Embryonic Chick Heart Cells. In studies of cultured embryonic chick heart cells, we implement, simultaneously, in the same preparation two methodologies, electron probe X-ray microanalysis and ion selective microelectrode (ISME) measurements, which allow correlation of element content and compartmental distribution with cytoplasmic ionic activity (65) . In addition, the use of both EPXMA and ISME in the same preparation provides unique experimental data for evaluating methodological problems peculiar to each technique.
Heart cells are grown as 50 to 100 gm aggregates that beat synchronously and can be individually frozen for EPXMA as previously described (65, 66) . As illustrated in Figure 12 , cryosections are obtained from frozen cells at <-140°C, freeze dried, and analyzed as described in the previous sections. Numerical results (Table 1) show the cell K:Na ratio to be 10-15 to 1 in cytoplasm and mitochondria. Calcium in both compartments is low, and there is no obvious sequestration of Ca within the mitochondria. Cytoplasmic calcium is qualitatively variable, suggesting that some X-ray probes include sarcoplasmic reticulum, a site of high calcium accumulation. Contents of the elements in mitochondria are lower on a dry weight basis than in Table 2 for Na, K, and Cl. Cl concentration, as measured by ISME, is higher than the values obtained from EPXMA, coulometric, or isotope analyses. Cl activity has been corrected for HCO-, but may be overestimated since liquid ionexchange electrodes respond to other anions.
In a second series of experiments we are examining Na and Ca compartmentation as they relate to both the Na-Ca exchange and the Na-K-2CI co-transport mechanisms identified by biochemical and electrophysiological means (67) (68) (69) . As shown in Table 3 , when the normal transmembrane Na gradient is reversed by incubation of cells in Na-free medium, cells rapidly accumulate Ca and loose Na. Free Ca increases, but not enough to account for the observed change in total calcium (Ca,Ot), suggesting that Ca is compartmentalized (67) . EPXMA of cells frozen following this treatment reveals that Na content in all to determine Ca content of the intracellular compartments in question (68) . Proximal tubules are isolated from the rabbit kidney, rapidly frozen, and cryosectioned for EPXMA, as previously described (68 (69, 70) . Our results indicate that Na:K is 1:1, Cl is increased, and Ca is increased in the cytoplasm but not in mitochondria. One interpretation at this point is that the major buffering component resides in the cytoplasm, and this view is strengthened by the free Ca measurements which indicate no increase in free Ca during anoxia. Clinical Pathophysiology: Nasal Epithelium/Cystic Fibrosis
The examples discussed thus far represent primarily the application of EPXMA to basic questions regarding the transport of diffusible elements and diffusible element compartmentation. EPXMA also has great potential for use at the clinical and toxicological level for qualitative diagnosis (71) of the presence of toxic elements, e.g., lead, arsenic, copper, etc. The procedure may also be used to characterize and/ or diagnose diseases associated with altered membrane transport, for example cystic fibrosis, in which both Ca and Cl have been variously implicated as possible mediators of the disease process (72) .
Quantitative elemental X-ray imaging expands the usefulness of EPXMA in these studies by providing both a statistically larger sample size and a greater ease of recognition of elemental compartmentation. Illustrated in Figure 11 are a representative scanning transmission image (video) and element images from a cryosection obtained from human nasal epithelium. Initial quantitative data from two patients with cystic fibrosis indicate that calcium and sulfur occur in mucous granules of these cells but at higher levels than in normal controls.
Summary
Our approach in investigating the role of Ca and other elements in cell physiology and pathophysiology is, of necessity, multidisciplinary. The maintenance of cell element/ion homeostasis involves complex interactions of metabolism, membrane transport, electrical properties, structure and element compartmentation. EPXMA is utilized for these latter two parameters, while both biochemical techniques for measuring free cytoplasmic and total cell ion contents and electrophysiological techniques for measuring ionic activities are performed in parallel on the same preparations. Our major physiological thesis is that X-ray microanalytical data are of enormous value for interpretation of cell function when utilized in conjunction with other techniques.
